Abstract-A reflectarray element with electronic phase control implemented by ohmic MEMS switches is characterized and validated in the X-band. The proposed element is based on two patches aperture-coupled to a microstrip network with a common delay line, forming a sub-array, in order to reduce both cost and manufacturing complexity in large reflectarrays. The electrical length of the line can be modified through the inclusion of a series switch between different segments of the microstrip line. The ohmic electrostatic switch has been designed for RF applications and manufactured on a coplanar line. The transition between the coplanar line of the MEMS and the microstrip delay line has been implemented using gold wires which have been bonded to the printed pads. This connection leads to a high impedance line. The MEMS switches have been characterized using reflection and transmission measurements on microstrip lines for deducing an equivalent circuit, which has been used in the validation of the gathered element with electronic phase control measured using waveguide simulator. The same approach has been applied to evaluate a 2-bit reflectarray element.
Characterization of a Reflectarray Gathered Element With Electronic Control Using Ohmic RF MEMS and
Patches Aperture-Coupled to a Delay Line sumption, practically zero maintenance and low time response of the former. In reflectarray antennas, the phase of the field reflected by each element is adjusted to produce a previously defined fixed, focused or shaped beam. The beam can be modified by electronically controlling the phase-shift on the reflectarray elements. Different solutions have been proposed for phase control in reflectarray elements by using, for example, tuneable materials as in the case of liquid crystal substrates [1] - [3] , PIN junction diodes [4] - [6] , varactor diodes [7] , [8] , ferroelectric thin-film phase shifters [10] , and more recently micro electro-mechanical systems (MEMS) [11] - [16] . MEMS technology is very attractive because of its zero current consumption, power efficiency, high isolation and low losses [17] .
Different reflectarray elements have been proposed to control the phase of the reflected wave electronically using MEMS devices. For instance, a patch element loaded with two slots controlled by a set of 10 MEMS devices was proposed and validated in [11] to be used in linear polarized reflectarrays, obtaining 1 024 phase states in a range of 360 . The element has been proposed to be implemented with both monolithic and hybrid technologies. A reflectarray element based on tunable MEMS capacitors has been proposed in [12] with results competitive to those obtained using varactor diodes, and eliminating the intermodulation distortion in a phase range variation of 231.5 , which is obtained by varying the plate voltage from 0 V to 12 V. A patch coupled to a set of coplanar waveguides (CPW) has been introduced in [13] using four MEMS switches per cell in a monolithic configuration. The reconfigurable reflectarray element published in [14] operates at 12 GHz allowing a 5-bit digital control on the full range of 360 and has been manufactured monolithically using 10 MEMS switches thus achieving very low losses. All these configurations require at least one MEMS switch for each reflectarray element, and in some cases more than 10 in the radiating layer, hindering the distribution of the voltage lines and limiting the phase range of the reflected field to one cycle of 360 .
Reflectarray elements based on patches aperture-coupled to delay lines have been demonstrated in shaped-beam passive reflectarrays for base stations at 10.40 GHz [18] as well as for switching a pencil-beam to an angle of 40 , at the frequency of 26.5 GHz, by implementing MEMS switches in a monolithic antenna [15] . Despite the multilayer configuration, these kinds of elements have some advantages, such as the capability to produce true-time delay (TTD) [19] , improving the bandwidth of 0018-926X/$31.00 © 2012 IEEE the antenna by compensating the differential spatial phase delay, which is more important in large reflectarrays [19] , as is the case of space antennas. If the geometrical parameters of this kind of element are correctly adjusted, the phase of the reflected field is proportional to twice the length of the delay line and it is linear with frequency, within low levels of losses [20] . For the case of electronically controllable phase, the use of these elements allows full independence between the radiating and the phase control parts of the cell because of the presence of the ground plane which contains the slots, protecting the switches from the direct impinging energy coming from the feed horn and avoiding any interference of the voltage lines with the impinging and reflected waves.
For a large reflectarray with a steerable-or reconfigurablebeam, the cost and manufacturing complexity increase considerably since thousands of control elements together with their respective voltage lines are required. Combining two or more elements by turning into a sub-array can significantly reduce the number of switches required to achieve the beam simplifying the manufacturing process, reducing the cost of the antenna and allowing more room for the inclusion of the control switches and associated voltage lines [21] . The resolution degradation produced in the phase distribution of the reflectarray by the element grouping, and consequently the appearance of grating lobes can be easily compensated by grouping the elements in an irregular lattice, as has been demonstrated in [22] . This paper presents the characterization and validation of a gathered element for reflectarray antennas with phase-control, using ohmic MEMS as a switching device at 10.40 GHz. The gathered element is made up of two square patches aperturecoupled to microstrip lines, which are combined in a common delay line as shown in Fig. 1(a) . The electronic control has been implemented by using SPST MEMS switches between two segments of the delay line, with the aim of varying the electrical length of the line and therefore the phase of the reflected wave. When the MEMS switch is in the OFF state, the electrical length of the delay line corresponds to the first microstrip segment. If the MEMS switch is ON, the electrical length of the line is enlarged, thus increasing the phase delay. The series switches configuration allows the concept to be extended to a number N of MEMS which can produce phase states. For the chosen frequency band, the manufacturing of the switches integrated with the whole antenna in a single wafer is not economically affordable, then a hybrid method to make the connection between the microstrip delay line and the coplanar waveguide of the MEMS switches is proposed by using a wire bonding process [23] , as can be seen in Fig. 1(b) . As the microstrip lines are etched on the d2 grounded substrate, the MEMS switches are also set on the rear of this dielectric.
The effects of the MEMS device, as well as the bonding wires can be taken into account in the analysis of the gathered reflectarray element replacing the MEMS switches with an equivalent circuit which has been extracted from experimental measurements of the MEMS connected between two segments of simple microstrip lines. The accuracy of the proposed equivalent circuit which models the MEMS through lumped elements has been validated with measurements of a gathered reflectarray element in the waveguide simulator (WGS) in two cases, which include one MEMS switch (two phase states) and two MEMS switches (three phase states) inserted into the delay line.
II. GATHERED ELEMENTS WITH ELECTRONIC PHASE CONTROL USING MEMS SWITCHES

A. Gathered Patches Aperture-Coupled to a Delay Line
The gathering of two patches aperture-coupled to a delay line turning into a sub-array has been proposed as an efficient solution to reduce significantly the number of switches required to achieve the beam reconfiguration in a reflectarray [21] . The proposed element is shown in Fig. 1(a) where the two delay lines of each individual element are combined by a T-junction, similar to the microstrip beam forming networks used in conventional arrays. The element can be analysed assuming local periodicity by taking into account Floquet's Theorem or assuming waveguide simulator (WGS) boundaries, which is a particular case of an infinite array, where the incidence angle of the impinging wave varies with the frequency. Table I shows the electrical permittivity, dissipation factor and thickness for the different substrates used in the proposed sub-array. With these materials, the first step for characterizing the electronic controllable reflectarray element is the design of a passive element (without phase control) which has been obtained using the time domain solver of CST Microwave Studio [24] , assuming that the element has been inserted inside the cavity of a WR90 waveguide, whose dimensions are 22.86 mm 10.16 mm. The size of the square patches is 7.25 mm 7.25 mm, the size of the rectangular slot is 7.00 mm 0.85 mm, the width for each individual microstrip line is 0.70 mm with a stub of 2.10 mm, measured from the slot centre, and the width of the common delay line is 0.39 mm . The characteristic impedance of this delay line has been chosen 70 because the matching between the MEMS switch and the microstrip line through the wire bonding lines is better than that obtained with a 50 line, as will be exposed in detail in Section III. A higher characteristic impedance has not be considered because it requires thinner lines which are more sensitive to manufacturing tolerances. The ground plane shown below the stack of Fig. 1 (a) has been removed in the manufactured prototype to allow easy access to the rear of substrate d2, which is the layer where the electronic controllable elements will be implemented. However, the effects of this ground plane are also evaluated. The phase response of the designed passive element, considering the waveguide simulator is shown in Fig. 2(a) as a function of the length of the delay line, for the central frequency of 10.40 GHz. For that frequency, this curve is equivalent to the case of local periodicity when a local planar wave impinges at an incidence angle of 39 . The proposed element allows the length of the microstrip line to be increased more than the period length by bending the line into an L or U shape and therefore increasing the phase range. In this case, only 850 of phase-delay are shown, but the range can be easily enlarged by increasing the length of the line [20] . The phase response is compared with that obtained by an ideal phase-shifter, with a phase-delay proportional to L, being the propagation constant at the central frequency and L the length of the line. Fig. 2(b) shows the phase variation as a function of the frequency, for different lengths of the delay line. These curves obtained with the passive element, assuming waveguide simulator boundaries, give a reference for the electronically phase controlled element described in the following sections. Fig. 3 shows the proposed implementation of the electronically controllable gathered element for the validation in the waveguide simulator by connecting the MEMS switches between two segments of the delay line, the S matrix obtained through a full-wave simulation of the passive gathered element, assuming WGS boundaries, is connected to the switched-line phase-shifter, implemented in a series configuration. The MEMS switches, including the bonding lines are modelled by the equivalent circuit which will be extracted in Section III. The same approach can be carried out for the case of a reflectarray element in free-space, replacing the waveguide impedance by the intrinsic impedance of free space and using periodic conditions.
B. Ohmic MEMS Switches for RF Applications
The series ohmic MEMS switches have been designed for RF applications with electrostatic actuation, and have been implemented in a coplanar waveguide which has been full-wave analyzed [25] , [26] . Fig. 4 (a) and (b) show respectively the transversal and upper views of one switch which is made of a silicon nitride fixed-fixed membrane with a patterned metallic contact in the centre.
When an actuation voltage of 50 V is applied between two symmetric electrodes and the ground plane, the membrane is pulled down producing a short circuit joining the two segments of the coplanar line through the central metallic contact. If the voltage turns to 0 V, the membrane returns to its original position. The MEMS switch has been designed to present low resistance in the ON state and low capacitance in the OFF state, which will be experimentally validated for the band of interest in this development. These features are very important to guarantee low losses and high isolation once the MEMS are used to interconnect the delay lines. An additional advantage of MEMS over other kinds of electronic switches is that the radiofrequency signal propagates through an independent path from the DC voltage signal eliminating the necessity of decoupling elements. 
III. CHARACTERIZATION OF THE MEMS AND WIRE BONDING IN MICROSTRIP LINES
The transition between the coplanar line of the MEMS switches and the two segments of the delay line used to control the reflected phase has been made by wire bonding the MEMS. This connection leads to a high impedance transmission line. The chosen process for connecting the switches is the standard ball wire bonding with controlled temperature, ultrasonic energy and pressure [23] . The diameter of the gold wires is 25 m and 8 wires are required for each MEMS switch: 2 wires connected to the symmetric DC voltage, 4 wires connected to the grounded via holes and 2 wires connected to the RF signal on the microstrip delay line.
The wires used to connect the microstrip with its ground to the coplanar forms a trifilar line, with large separation between wires, using thin wires with a long section. The separation between wires is determined by the geometrical constraints of the microstrip and the position of the pads to the ground, while the diameter of the wire used is mainly determined by the pad of the MEMS (80 m). Therefore this trifilar line has a high characteristic impedance. This high impedance line section behaves like a high serial inductance. This value could be reduced by decreasing the length of the wires or increasing their diameter. However, due to the geometrical constraints, no more reduction can be addressed in this design. This high inductance is partially compensated by a parasitic capacitance introduced by the increment in the width of the microstrip line. Fig. 5 shows a microscopic picture of the implemented switch, including the eight gold wires. As the ball of the bonding has been done in the MEMS pad, the wire connections to the copper strips have been reinforced with a drop of conductive epoxy. The width of the microstrip lines has been slightly increased in the contact zone with the aim of partially compensating the inductive effects of the connection.
The model used for describing the RF behavior of the assembly (wire-bonding lines and MEMS device) is shown in Fig. 6 . It is made up of two types of transmission lines to describe the bonds and the coplanar. There is a gap between each half of the signal strip of the CPW, to produce the open-circuit in an OFF state, represented by the capacitance. When the MEMS is switched ON, the metallic contact is displaced by the membrane, providing continuity between the two segments of the signal strip. As this contact is not perfect, a series resistance appears between the metallic materials. Both capacitance in the OFF state and resistance in the ON state have been experimentally determined from wafer measurements, where fF and , respectively. This equivalent circuit is simple, but useful and completely describes the response of the structure at the frequency of interest. More complex circuits are found in MEMS designer publications to take parasitic elements and internal coupling into account, which can be necessary when a more accurate model is required. However in this case, as will be seen from the measurement results, this model is valid for this kind of element. The silicon cap is omitted in the figure to permit the coplanar waveguide patterned over the silicon substrate with dielectric permittivity to be seen. As indicated in Fig. 6 , the coplanar lines can be considered as two transmission lines of characteristic impedance with an electrical length that leads to the same phase shift that produced by the MEMS. The circuital parameters for these lines (effective dielectric constant and attenuation constant) were obtained through the electromagnetic simulation of the complete geometry (MEMS switch) taken into account the real materials, the size of the dice and the shape of the CPW.
Once the equivalent circuit which represents only the MEMS switch has been fixed, the parameters of the trifilar lines (impedance and electrical length), which represent the bonding have been extracted from a new full-wave simulation of the whole MEMS assembly (doted line in Fig. 6 ). However, the electrical length and impedance of the trifilar line were later corrected, since the actual dimensions of the wire bonding implementation were different and show a small dispersion because of the partially manual bonding process, as was concluded from different measurements of the switch assembly in several samples of a microstrip line with . Table II shows the final parameters for this equivalent model, as well as the original parameters extracted for the trifilar line, before the correction. The voltage biasing lines have not been taken into account in the equivalent circuit determination because they are independent of the RF paths in MEMS switches. The accuracy of the proposed equivalent circuit has been evaluated by measuring the S11 and S21 parameters of the cases mentioned below. Three printed lines have been manufactured, using in all cases a 0.305 mm thick Arlon 25N substrate. The first is a continuous 50 line used as reference; the second is also a 50 line segmented in two parts, which are connected through one MEMS switch; finally, a third line with one MEMS but with 70 characteristic impedance (as the characteristic impedance of the delay line in the case of the passive WGS element) has been manufactured. Fig. 7 shows the three lines. Since the calibration for the measurements has been referred to a 50 impedance value, the third line (70 ) has been transformed by quarter of wavelength line segments. The matching section included in this microstrip line is not essential because the measurement can be performed directly between the 70 line segments, eliminating the effects of the quarter of wavelength transformer in the results. However, as the 70 line prototype was fabricated to validate the results obtained with 50 lines and the reference impedance was also 50 , a direct response of the switch on the network analyzer was preferred, avoiding any post processing.
For the 50 microstrip line with one MEMS switch, Fig. 8 shows the reflection and transmission response of the line when the MEMS is in the OFF state, see Fig. 8(a) and when the MEMS is in the ON state, see Fig. 8(b) . From the OFF state, the transfer of energy from port 1 to port 2 is less than dB thus demonstrating the excellent isolation of the switch. From the ON state curves, the poor matching caused by the strong change between the microstrip line and the bonding wires produces a mismatch which significantly increases the insertion losses of the assembly switch. In both states the simulated results obtained with the proposed equivalent circuit are in accordance with the measurements. Although the WGS with electronic control will be implemented using 70 characteristic impedance lines, the measurements in the 50 lines allow the proposed circuit to be validated.
The reflection and transmission parameters for a 70 microstrip line have been measured and the results are shown in Fig. 9 for both the OFF and ON state of the MEMS switch. The simulated results obtained with the proposed equivalent circuit are also shown, demonstrating again good agreement with the measurements. It can be also observed that the objective of the matching improvement of the MEMS assembly with the microstrip line has been achieved using a . It has to be noted that the 25 dB of return losses is the best value that can be measured with the available test fixture and TRL calibration. Fig. 10(a) shows the phase variation for the reference microstrip lines and the switched lines in ON state assuming the same line lengths with the aim of verifying the extra phase-shift introduced by the switch assembly (MEMS switch and wire bonding). This extra phase-shift varies from to , in the frequency band from 9.4 GHz to 11.4 GHz, independently of the characteristic impedance of the lines, as can be seen in With these values, the characterization of the reconfigurable reflectarray element is fulfilled. The accuracy of the proposed equivalent circuit will be verified in the following section.
IV. VALIDATION OF THE CONTROLLABLE SUB-ARRAY IN WAVEGUIDE SIMULATOR
Once the MEMS device, including the bonding lines and a small segment of the RF microstrip lines, have been characterized with an equivalent circuit for each OFF and ON state, the whole reflectarray element is verified using the well-known waveguide simulator technique, with a WR90 waveguide, by inserting MEMS switches in the passive element described in Section II.A. Two cases have been evaluated. In the first case, one MEMS switch is connected between two segments of the 70 delay line, while in the second case, two MEMS switches have been connected between three segments of the delay line, producing two and three values of phase delay respectively. To reach a feasible prototype, the microstrip lines, the MEMS switches and their associated biasing lines have been located out of the waveguide. Also to simplify the prototype handling and measurement operation the ground plane has been removed. As consequence of this removal, the amplitude measurements will show additional losses due to the back radiation of the structure, however these losses are estimated at the end of this section, using the same analysis method.
The implementation of the proposed element in a real reflectarray can be done using a 0.65 period size for the individual elements, as has been shown in [21] for the passive sub-array. The presence of the back air gap and ground plane allows to introduce the DC voltage lines for reconfiguration in the two radiation planes. 
A. WGS Sub-Array With One MEMS Switch
According to Fig. 11 , the length of the delay line is L1 in the OFF state and in the ON state. The switches are actuated by applying a 50 V of DC voltage. Apart from the delay lines, an extra phase-shift is produced by both the CPW and the bonding lines, which is taken into account in the equivalent circuit proposed to model the switch. The analysis of the reflectarray element requires two fullwave simulations (see Fig. 11 ). The first one corresponds to the passive gathered element, like that described in Section II.A. The S matrix computed in this step has been charged in one port with the waveguide impedance ), while the second port is charged with the S matrix of the microstrip phaseshifter resulted from the second full-wave simulation. This simulation includes the DC copper strips, via holes and the RF microstrip lines L1 and L2. The switch (MEMS, bonding wires and small segment of RF microstrip line) is replaced by the proposed equivalent circuit, which was validated in microstrip-line measurements, in the previous section. Fig. 12 shows the set-up of the measurement system and a detailed view of the manufactured WGS prototype.
The measured amplitude and phase delay corresponding to the reflected wave for both states of the MEMS switch are shown in Fig. 13 , in the frequency range from 9.40 GHz to 11.40 GHz. The simulated curves obtained by the previously described approach show an excellent agreement with the measurements, particularly for the phase, demonstrating that the equivalent circuit proposed for this kind of MEMS, and bonding provides accurate results. 
B. WGS Sub-Array With Two MEMS Switches
A second prototype with two MEMS switches arranged in series, between three segments of the delay line has been manufactured and measured in the waveguide simulator with the aim of testing the analysis technique when more than one MEMS switch is implemented. Fig. 14 shows the schematic of the analyzed sub-array, including the equivalent circuit which models the MEMS and wire bonding effects, as well as a picture of the manufactured prototype.
The full-wave simulations have been carried out in the same way as in the case of the element with one MEMS switch and the extra phase-shift introduced by the CPW in the electronic devices and connecting wires is taken into account through the equivalent circuit. The comparison between theoretical and measured results is shown in Fig. 15 for both amplitude and phase of the reflected wave, without a ground plane. The three states correspond to OFF/OFF (both switches in the OFF state), ON/OFF (first switch in the ON state and second switch in the OFF state) and ON/ON (the two switches are in the ON state). Note that each phase value depends on the length of the delay line, which is redefined by activating (or not), the two MEMS switches. In this case the phase delay for ON/ON is about 320 larger than for OFF/OFF, at the central frequency. The curves in Fig. 15 show an excellent agreement between the measured and simulated phase-shift and a reasonable prediction for the losses.
For an evaluation of the agreement between the simulated and the measured phase response in the previous waveguide simulators: WGS1 (one MEMS switch, two states) and WGS2 (two MEMS switches, three states), the difference between measurements and simulations are shown in Fig. 16 . As can be seen, the average differences are around for the whole measured band and are produced mainly by small changes in the lengths of the bonding wires, which are acceptable values according with the manufacturing tolerance which can be achieved with this kind of technology.
As has been previously explained, the waveguide simulator prototypes have been manufactured without the presence of a ground plane to gain easy access to the electronic control elements and the corresponding voltage lines. With the aim of evaluating the effects of the ground plane together with the equivalence between a passive element and an element with electronic control, different cases for the losses of the three-state WGS prototype are shown in Fig. 17 , respectively for the OFF/OFF, ON/OFF and ON/ON states. The first two cases (simulated and measured) are identical to those shown in Fig. 15(a) which correspond to the manufactured prototype. If the MEMS assemblies are replaced by equivalent line segments which introduce the same phase-shift than the switch (60 at 10.40 GHz), the losses are equal to the case of passive elements in WGS, allowing the switch to be considered as an equivalent line length if a simple preliminary design of a whole reflectarray has to be computed. In both cases (MEMS switches and equivalent line segment), the losses can be reduced if the simulation is carried out assuming a cavity at the rear of the WGS. For local periodicity and lower angles of the impinging wave, only the ohmic losses are present [20] . With respect the phase, in all the cases the phase values are similar, as can be verified in Fig. 18 .
V. EVALUATION OF A 2-BIT REFLECTARRAY ELEMENT
The losses and phase response of a 2-bit reflectarray element considered in a periodic environment are evaluated in this section. The element is analyzed in accordance with Fig. 3 , Fig. 18 . Comparison between the phase delay obtained in the WGS for different cases with and without a grounded cavity. but replacing the scattering matrix of the WGS passive element with the corresponding scattering matrix of a gathered element assuming local periodicity and replacing the waveguide impedance with the intrinsic impedance of the free space . In this case, the dimensions of the gathered element are not restricted by the size of the waveguide, allowing more room for the switches and their associated DC lines in a real implementation together with more freedom for obtaining a true-time delay element in certain band.
The reconfigurable sub-array element with the same materials as those used in the WGS has been readjusted for a period of 36 mm 18 mm, making the dimensions of the patches 9.1 mm 9.1 mm and slots of 8.9 mm 1 mm. The phase reconfiguration is carried out by connecting three MEMS switches, including the assembly, between four segments of the 70 microstrip line (0.39 mm in width). This configuration gives rise to a 2-bit phase-shifter which can be extended to N bits if more MEMS are distributed in a series topology along the microstrip line, but at the cost of an increase in the losses.
In accordance with Fig. 19(a) , the passive gathered element only produces losses of around 0.25 dB, while the average losses of the four states for the phase-controllable sub-array are 2.84 dB, at 10.40 GHz. If all the MEMS switches are in the OFF state, the losses are 1.32 dB. With the first MEMS switched to ON the losses increase to 2.65 dB. For the third (ON/ON/ OFF) and fourth (ON/ON/ON) states, the resulting losses are in both cases 3.7 dB, at the central frequency. These losses are not proportional to the number of switches because they also depend on the standing wave produced by the open-ended delay line.
Compared to different phase-controlled aperture-coupled reflectarray elements which can be found in the literature, a maximum loss of 2.4 dB with a phase variation in a phase range of 373 has been reported in [9] using a pair of varactor diodes in the C-band. This element has a better loss performance than the proposed gathered element for the reasons explained in the next paragraph. It also provides a continuous phase variation as expected in this kind of control elements as well as some non-linear behaviour. Average losses of around 3 dB, at 26.5 GHz, have been obtained in [15] for a 1-bit reflectarray element using monolithically integrated MEMS switches which do not suffer from the mismatching effects between the microstrip line and the bonding lines. When compared with other kinds of cell, it is clear that the proposed gathered element losses are still far from the 0.5 dB reported in [12] at 5.5 GHz using a continuous-phase MEMS capacitor, or the 0.3 dB obtained in [14] from 12 GHz to 12.3 GHz for a 5-bit phase-shifter. Therefore the reduction in the losses is contemplated as the optimization number in future developments.
As previously explained in Section III, the effects of the mismatching between the microstrip and the bonding wires have been reduced using 70 lines, but they could be practically eliminated by reducing the height of the MEMS dice and therefore the length of the bonding wires. A further reduction in the insertion losses of the switch can be achieved by decreasing the series resistance of the MEMS from the present value (2.15 ) to value of 0.15 , which is the objective. In fact the reduction in both series resistance and the height of the devices are two issues upon which the MEMS' manufacturer is working in order to reduce drastically the element losses.
From the phase response point of view, the gathered element offers very good performance apart from the reduction in the number of switches and associated DC lines. If the first segment of the microstrip line which corresponds to the passive element is loaded by the MEMS in the OFF state, a phase delay of is produced at 10.40 GHz. The lengths of the second, third and fourth microstrip lines have been adjusted to produce phase-delays of and respectively, as can be seen in Fig. 19(b) . Here it is important to recall that the long bonding wires are responsible of the inherent phase-delay introduced by the MEMS assembly, which is around 60 when the MEMS is in the OFF position and twice when the MEMS is in the ON state. Phase-delay values lower than these can be achieved with the proposed element by introducing an extra 360 cycle through the microstrip line. It is clear that the different circuital components of the proposed gathered element, including the T-junction and the bonding wires, limit the bandwidth of the element and therefore the true-time delay response. A 10% bandwidth (from 9.5 GHz to 10.6 GHz) is achieved for an error limited to , which is a very reasonable value for a 2-bit phase-shifter. With the computed results for the gathered element under periodic boundary conditions, the feasibility of implementing the proposed element in a real reflectarray has been demonstrated. To the authors' knowledge, this is the first time that gathered elements have been implemented to reconfigure the phase of a reflectarray element.
VI. CONCLUSION
A MEMS based reflectarray element for reconfigurable-beam antennas has been characterized, manufactured and tested in the X-band demonstrating an excellent performance. The proposed reflectarray element provides significant advantages, such as the possibility of compensating the differential spatial phase delay, more room available for implementing the electronic control devices and independence between the radiating and phaseshifting parts, eliminating the interference of the control circuits on the radiation patterns. The electronic phase control is obtained through the implementation of ohmic MEMS designed for radiofrequency applications. The theoretical response of the gathered element has been obtained through separate full-wave simulations of the passive sub-array and the control network, while the effects of the MEMS assembly have been modelled by an equivalent circuit. The proposed approach simplifies the analysis and design of the reconfigurable elements and provides accurate results.
The average losses of the gathered element in periodic environment can be improved by reducing the series resistance of the MEMS switches and also reducing the mismatching between the microstrip lines and the bonding wires by reducing the height of the devices. These are two issues in which the manufacturer is working. However, the proposed reconfigurable reflectarray gathered element permits an important reduction in the number of electronic devices and their associated control circuitry, reducing both cost and manufacturing complexity in large reflectarrays. 
